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ThesmallGTPaseRac1orchestratesactin-dependent
remodeling essential for numerous cellular processes
includingsynapsedevelopment.Whileprecisespatio-
temporal regulation of Rac1 is necessary for its func-
tion, little is known about themechanisms that enable
Rac1 activators (GEFs) and inhibitors (GAPs) to act in
concert to regulate Rac1 signaling. Here, we identify a
regulatory complex composed of a Rac-GEF (Tiam1)
and a Rac-GAP (Bcr) that cooperate to control excit-
atory synapse development. Disruption of Bcr func-
tion within this complex increases Rac1 activity and
dendritic spine remodeling, resulting in excessive
synaptic growth that is rescued by Tiam1 inhibition.
Notably, EphB receptors utilize the Tiam1-Bcr com-
plex to control synaptogenesis. Following EphB
activation, Tiam1 induces Rac1-dependent spine for-
mation, whereas Bcr prevents Rac1-mediated recep-
tor internalization, promoting spine growth over
retraction. The finding that a Rac-specific GEF/GAP
complex is required to maintain optimal levels of
Rac1 signaling provides an important insight into the
regulation of small GTPases.
INTRODUCTION
Most excitatory synapses in the brain are located on dendritic
spines, small actin-rich dendritic protrusions. Spines undergo
rapid remodeling during development and in response to physi-
ological stimuli. This remodeling, driven by actin dynamics, is
critical for the formation and refinement of neuronal circuits
and for synaptic plasticity associated with learning and memory
(Alvarez and Sabatini, 2007). Alternatively, aberrant spine
morphogenesis is a hallmark of numerous neurodevelopmental,
neuropsychiatric, and neurodegenerative disorders (Newey
et al., 2005). Thus, elucidating the mechanisms that regulate
the formation and remodeling of excitatory synapses is impor-
tant for understanding brain development and disease.DevelRho GTPases play essential roles in the development and re-
modeling of excitatory synapses. In particular, Rac1 promotes
spine and synapse formation, growth, and maintenance (Govek
et al., 2005). Rho GTPases function as molecular switches,
cycling between an active GTP-bound and an inactive GDP-
bound state. In their active state, they interact with effectors
and stimulate signaling pathways that control cytoskeletal
dynamics, membrane trafficking, and gene expression (Govek
et al., 2005). To function properly, Rho GTPases require precise
spatiotemporal regulation (Pertz, 2010) and disruption of this
regulation results in spine and synapse abnormalities and
intellectual disabilities (Newey et al., 2005). Rho GTPases are
activated by guanine nucleotide exchange factors (GEFs) and
inhibited by GTPase-activating proteins (GAPs) (Tolias et al.,
2011). However, little is known about how GEFs and GAPs act
in concert to precisely regulate Rho GTPase signaling.
TheRac-GEFTiam1hasemergedasa critical regulator of excit-
atory synapse development. Tiam1 is present in spines and cou-
ples synaptic receptors to Rac1 signaling pathways that control
actin cytoskeletal remodeling (Duman et al., 2013; Lai et al.,
2012;Toliasetal., 2005,2007;ZhangandMacara, 2006).Although
Tiam1 functionmustbespatially and temporally restricted toprop-
erly control synaptogenesis (Duman et al., 2013; Zhang andMac-
ara, 2006), the molecular basis of this regulation is unclear. Here,
we identify the Rac-GAP Bcr as an important regulator of excit-
atory synapse development. We demonstrate that Bcr forms a
GEF/GAP complex with Tiam1 that is essential for Rac1 signaling
and synaptogenesis. Moreover, we show that EphB receptors uti-
lize this complex to control synapsedevelopment. LikeTiam1,Bcr
is critical for EphB-dependent spine formation. Unexpectedly,
disruption of Bcr function converts EphB-mediated spine growth
into retraction via Rac1-dependent EphB internalization. Bcr
therefore serves to restrict Tiam1-induced Rac1 activation to an
optimal range that promotes excitatory synapse formation and
growth while preventing receptor endocytosis and synapse loss.
RESULTS
Interaction and Colocalization of the Rac1 Regulatory
Proteins Tiam1 and Bcr
To better understand the regulation of excitatory synapse
development by Tiam1, we performed a yeast two-hybridopmental Cell 29, 701–715, June 23, 2014 ª2014 Elsevier Inc. 701
Figure 1. Bcr Interacts with Tiam1 and
Blocks Tiam1-Induced Rac1 Signaling
(A) Lysates from HEK293T cells expressing Flag-
Tiam1 and Bcr were immunoprecipitated (IP) with
anti-Bcr or control (Con) IgG antibodies, and then
immunoblotted with anti-Flag or anti-Bcr anti-
bodies. Lysates (Lys) were also probed to confirm
protein expression.
(B) Lysates from 14 DIV rat hippocampal neurons
were immunoprecipitated with anti-Tiam1 or
control antibodies and then immunoblotted with
anti-Bcr or anti-Tiam1 antibodies.
(C) Rat hippocampal neurons (21 DIV) ex-
pressing eGFP and low levels of Myc-Bcr
were fixed and stained for Tiam1 and Myc (blue
and red, respectively, in overlay images).
Arrows indicate Tiam1 and Bcr colocalization in
spines.
(D) Bcr and Tiam1 are enriched in the post-
synaptic density (PSD) fraction of P18 rat brain
extracts. Brain homogenate (H) was separated
into soluble (S1), synaptosome (Syn) and PSD
fractions, and then immunoblotted with anti-
bodies against Bcr, Abr, Tiam1, Rac, or PSD95.
Unlike Bcr and Tiam1, Abr is evenly distributed in
all fractions.
(E) Synaptosomal fractions from P18 rat brain
were immunoprecipitated with anti-Tiam1 or
control IgG antibodies, and then immunoblotted
with anti-Bcr or anti-Tiam1 antibodies.
(F and G) Lysates from 293T cells expressing
Flag-Tiam1 alone or with Myc-Bcr or Myc-Bcr-
GD (GAP-dead) were immunoblotted with anti-
pPak antibodies (F) to assess Rac-dependent
Pak phosphorylation. Levels of Pak, Flag-Tiam1,
and Myc-Bcr were confirmed by immunoblotting.
(G) Quantification of normalized phosphorylated
Pak levels, represented as a ratio of pPak in-
tensity to Pak intensity. N = 3.
(H and I) Dissociated rat hippocampal neu-
rons expressing the Rac1 activation biosensor
RaichuEV-Rac1 with vector, Flag-Tiam1, Myc-
Bcr, or Myc-Bcr-GD were live-imaged at 17
DIV. Representative FRET images are shown
in the intensity-coded display mode (H), and represented as relative mean FRET efficiency (I). n = 27 neurons (vector); n = 17 (Tiam1); n = 12 (Bcr); n = 14
(Tiam1+Bcr); n = 19 (Bcr-GD).
N R 3 independent experiments for each experiment shown. Error bars indicate ± SEM; *p < 0.05, ***p < 0.001. See also Figure S1.
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A Rac1 GEF/GAP Complex Controls Synaptogenesisscreen to identify Tiam1-interacting proteins. Our screen
identified Bcr, a multidomain Rac-GAP (Diekmann et al.,
1991) (Figure S1A available online). By coimmunoprecipitation,
we confirmed the Tiam1-Bcr association in both HEK293T cells
(Figures 1A and S1B) and neurons (Figures 1B and S1C). To
determine whether Tiam1 and Bcr interact at excitatory syn-
apses, we assessed Tiam1 and Bcr colocalization in dendritic
spines. Cultured rat hippocampal neurons expressing eGFP
and low levels of Myc-tagged Bcr were fixed at 21 days
in vitro (DIV) and costained for Myc and Tiam1. We found
that Tiam1 colocalizes with Bcr in spines and dendrites (Fig-
ure 1C). Further, endogenous Bcr and Tiam1 were both en-
riched in the postsynaptic density (PSD) fraction of rat brain
extracts (Figure 1D) and they coimmunoprecipitated from puri-
fied synaptosomes (Figure 1E). Thus, Tiam1 and Bcr interact at
synapses.702 Developmental Cell 29, 701–715, June 23, 2014 ª2014 Elsevier IBcr Inhibits Tiam1-Induced Rac1 Signaling
An interaction between a Rac-specific GEF (Tiam1) and GAP
(Bcr) is intriguing given their opposing effects on Rac1 ac-
tivity. To determine whether Bcr inhibits Tiam1-induced Rac1
signaling, we expressed Flag-tagged Tiam1 in 293T cells with
or without Myc-tagged Bcr constructs and assessed the ef-
fects on Rac1 activation and signaling. Coexpression of Bcr,
but not a GAP-dead Bcr mutant (Bcr-GD), inhibited both
Tiam1-induced Rac1 activation (Figure S1D) and autophos-
phorylation of Pak (Figures 1F and 1G), a Rac1 effector that
regulates spine morphogenesis (Nikolic, 2008). To measure
the effect of Bcr on Tiam1-mediated Rac1 signaling in neurons,
we utilized the Fo¨rster resonance energy transfer (FRET) Rac1
activation biosensor RaichuEV-Rac1 (Komatsu et al., 2011).
Bcr overexpression decreased Rac1 activation in dendrites
and spines both basally and when coexpressed with Tiam1nc.
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A Rac1 GEF/GAP Complex Controls Synaptogenesis(Figures 1H and 1I). Interestingly, Bcr-GD increased Rac1 acti-
vation to an extent similar to that of Tiam1, suggesting that this
mutant functions as a dominant-negative (Figures 1H and 1I).
These results indicate that Bcr antagonizes Tiam1 function by
inhibiting Rac1.
Bcr Negatively Regulates Spine Development by
Inhibiting Rac1
The ability of Bcr to inhibit Rac1 in dendrites and spines suggests
that it might control Rac1-dependent spine development. To
investigate this possibility, we transfected 7 DIV rat hippocam-
pal neurons with empty vector (pCMV-Myc) or plasmids encod-
ing Myc-tagged Bcr or Bcr-GD in combination with eGFP to
visualize neuronal morphology. Spines were analyzed at 21
DIV. Neurons overexpressing Bcr exhibited decreased spine
density and increased filopodia density compared to control
neurons (Figures 2A and 2B). In contrast, Bcr-GD increased
spine density but had no effect on filopodia (Figures 2A and
2B). Bcr also increased protrusion length, whereas Bcr-GD
decreased protrusion length but dramatically increased protru-
sion volume (Figures 2C and 2D). The Bcr constructs had similar,
albeit more modest effects, when transfected into mature 20
DIV hippocampal neurons and analyzed at 28 DIV (Figures S1E
and S1F). Thus, Bcr negatively regulates spine morphogenesis
by inhibiting Rac1.
Loss of the Rac-GAPs Bcr and Abr Causes Defects in
Spine Development In Vivo
To determine whether Bcr functions similarly in vivo, we utilized
mice lacking Bcr. Bcr/ mice display abnormal stress re-
sponses, increased aggression, and impairments in long-term
potentiation (LTP) maintenance and memory (Oh et al., 2010;
Voncken et al., 1995, 1998). Mice lacking both Bcr and the highly
related Rac-GAP Abr (Figure S2A) are more seriously impaired,
exhibiting circling behavior, vestibular dysgenesis, cerebellar
developmental defects, and abnormal inflammatory responses
(Cunnick et al., 2009; Kaartinen et al., 2001, 2002). The more
severe phenotypes observed in the Bcr/Abr/ mice suggest
that some functions of Bcr and Abr overlap. Abr may compen-
sate for Bcr loss in neurons because Abr is present (although
not enriched) at synapses (Figure 1D) (Oh et al., 2010), can
interact with Tiam1 at synapses (Figure S2B), and inhibits spine
maturation when overexpressed in neurons (Figures S2D–S2G).
Moreover, we found that Abr is upregulated (Figures 2E and 2F)
and more enriched in the PSD fraction in the brains of Bcr/
mice (Figure S2H). We therefore included mice lacking Abr in
our analysis.
Bcr/, Abr/, and Bcr/Abr/ mice exhibit elevated Rac1
signaling in the brain relative to wild-type (WT) mice (Figures
2G and 2H). To visualize spines in vivo, we crossed Bcr/
and Abr/ mice with thy1-YFP (line H) transgenic mice that
express YFP in select neurons (Feng et al., 2000). Spine devel-
opment was assessed in apical dendrites from YFP-positive
CA1 pyramidal neurons in hippocampal sections obtained
from postnatal day (P) 28 mice (Figure 2I). Both Bcr/ and
Abr/ mice displayed increased spine density and small
changes in spine size compared to WT mice (Figures 2I–2L).
Spine head area was slightly larger in Bcr/ mice, whereas it
was slightly smaller in Abr/ mice (Figures 2I–2L). In contrast,DevelBcr/Abr/ mice exhibited marked increases in both spine
density and size (Figures 2I–2L). In particular, they possessed
a greater percentage of large spines compared to WT or single
knockout mice (Figure 2L). Similar results were observed in
Bcr/Abr+/ mice (Figures S3A and S3B). These results sug-
gest that Bcr and Abr restrict spinogenesis by inhibiting Rac1
activation in vivo.
To determine whether the higher spine density in mice lacking
Bcr is due to an increase in spine formation and/or a decrease in
spine elimination, we performed in vivo two-photon time-lapse
imaging on pyramidal neuron apical dendrites in the somatosen-
sory cortex of 5-week-old YFP-expressing Bcr+/+Abr+/ (control)
and Bcr/Abr+/ mice (Figure S3C). Individual dendritic seg-
ments were examined one hour apart to identify the formation
of new spines (green arrows) and the elimination of existing
spines (red arrows). Interestingly, we found that while the spine
elimination rate was not decreased in the Bcr/Abr+/ mice,
the spine formation rate was significantly increased (Figure S3D).
This result indicates that Bcr limits spine development in vivo
by inhibiting spine formation.
Bcr Restricts Excitatory Synapse Development and
Function
To determine whether the exuberant spine phenotype caused by
Bcr loss corresponds to an increase in excitatory synapses, we
examined excitatory synapse development in neurons lacking
Bcr function. Hippocampal neurons were isolated from P0
Bcr/Abr/ mice or control (Bcr+/Abr+/) littermates, which
are indistinguishable from WT mice (data not shown). Neurons
were cultured for 21 DIV and then stained for PSD-95 (postsyn-
aptic marker) and VGLUT1 (presynaptic marker) to visualize
excitatory synapses and phalloidin to visualize filamentous actin
(F-actin) in spines (Figure 3A). Synapse density was determined
by quantifying the number of colocalized PSD-95 and VGLUT1
puncta per unit area of dendrite. We observed an increase in
excitatory synapse density in Bcr/Abr/ neurons relative to
control neurons (Figure 3B). Overall staining intensity of PSD-
95, VGLUT1, and F-actin also increased in neurons lacking Bcr
and Abr (Figures 3C and 3D). Similar results were seen with
Bcr/Abr+/ cultured neurons (Figures S3E and S3F) and with
rat hippocampal neurons expressing Bcr-GD (Figures 3E and
3F). Whole-cell patch-clampmeasurements revealed that minia-
ture excitatory postsynaptic currents (mEPSCs) in Bcr-GD-
expressing hippocampal neurons have enhanced amplitude
and frequency relative to control neurons (Figures 3G–3I).
Thus, neurons lacking Bcr function have more excitatory synap-
ses, which are larger, stronger, and contain more F-actin than
control neurons, suggesting that Bcr restricts excitatory synap-
togenesis by inhibiting Rac1.
A Balance between Tiam1 and Bcr Is Required for
Proper Spine Development
Because Bcr interacts with Tiam1 and limits Tiam1-induced
Rac1 signaling, we hypothesized that Bcr specifically opposes
Tiam1’s function at synapses and that together, Tiam1 and
Bcr precisely regulate Rac1 activity during spinogenesis. To
test this hypothesis, we examined whether the effects of
loss of Bcr activity could be rescued by inhibiting Tiam1. We
utilized two dominant-negative Tiam1 constructs: Tiam1-QK, aopmental Cell 29, 701–715, June 23, 2014 ª2014 Elsevier Inc. 703
(legend on next page)
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A Rac1 GEF/GAP Complex Controls Synaptogenesisfull-length Tiam1 mutant lacking Rac-GEF activity (Tolias et al.,
2005), and PH-CC-Ex, the region of Tiam1 required for mem-
brane recruitment (Mertens et al., 2003). Both constructs reduce
spine density, likely by interfering with endogenous Tiam1 func-
tion (Figures 4A and 4B) (Tolias et al., 2005, 2007).While Bcr-GD-
expressing neurons possessed more and larger spines (Figures
4A–4C), neurons expressing Bcr-GD and Tiam1-QK or PH-CC-
Ex displayed spine density and size comparable to control neu-
rons (Figures 4A–4C).We confirmed these results using the small
molecule inhibitor NSC23766, which specifically blocks Rac1
activation by Tiam1 (Figure S4) (Gao et al., 2004). Hippocampal
slices prepared from P4 YFP-expressing WT and Bcr/Abr/
mice were cultured for 17 DIV and then treated with vehicle or
NSC23766 for 1 hr. As before, Bcr/Abr/ neurons possessed
more and larger spines than WT neurons (Figures 4D–4F).
NSC23766 reduced the density and size of spines to control
levels (Figures 4D–4F). These results indicate that the exuberant
spine phenotype caused by loss of Bcr function is rescued
by specifically inhibiting Tiam1, suggesting that a balance be-
tween Tiam1 and Bcr activities is essential for proper spine
development.
Disruption of the Tiam1-Bcr Complex Augments Rac1
Activation and Spine Development
Wenext askedwhether the interaction between Tiam1 andBcr is
important for achieving the critical levels of Rac1 activity. To
disrupt the Tiam1-Bcr complex, we needed to identify the
domains that mediate their association. Using GST pull-down
assays, we determined that bacterially-expressed Bcr con-
structs containing the N-terminal oligomerization and serine/
threonine kinase domains (N-term) or theGAPdomain (Figure 5A)
interact with full-length Tiam1 expressed in COS7 cells (Fig-
ure 5B) and the Tiam1 PH-CC-Ex domain (Figure 5A) expressed
in COS7 cells (Figure 5B) or bacteria (Figure 5C). The Tiam1 PH-
CC-Ex domain binds with a 4-fold higher affinity to the N-term
domain of Bcr (Kd = 7.10 3 10
8 M) than to Bcr’s GAP domain
(Kd = 2.87 3 10
7 M) (Figure S5). These data demonstrate that
the PH-CC-Ex domain of Tiam1 directly interacts with the
N-term and GAP domains of Bcr.
Because N-term-Bcr bound with higher affinity to Tiam1, we
tested whether it could disrupt the Tiam1-Bcr complex. Flag-
Tiam1 coexpressed in 293T cells with Myc-Bcr in the presence
or absence of Myc-N-term-Bcr was immunoprecipitated and
assayed for Bcr association. N-term-Bcr effectively disrupted
the interaction between full-length Tiam1 and Bcr (Figures 5DFigure 2. Bcr Negatively Regulates Spine Development by Inhibiting R
(A and B) Dissociated rat hippocampal neurons (6–7 DIV) were transfected with
Representative images. (B) Quantification of the density of total protrusions, spine
Bcr-GD (n = 20).
(C and D) Cumulative percentages of protrusion length (C) and protrusion volum
(E and F) Hippocampal lysates from P30WT,Bcr/,Abr/, andBcr/Abr/mi
control). (E) Representative blot. (F) Quantification of normalized Abr and Bcr exp
(G and H) Hippocampal lysates from WT, Bcr/, Abr/, and Bcr/Abr/ mice
quantified and represented as a ratio of pPak to Pak intensity (H). N = 3.
(I) Confocal images of CA1 pyramidal neurons in hippocampal sections prepared
(J and K) Quantification of spine density (J) and spine head area (K) of YFP-expr
neurons for each genotype.
(L) Cumulative percentage of spine head area in YFP-expressing WT, Bcr/, Ab
NR 3 independent experiments for each experiment shown. Error bars indicate
Develand 5E). To determine the effect of Tiam1-Bcr complex disrup-
tion on neuronal Rac1 activity, we measured Rac1 activation in
vector- or N-term-Bcr-expressing neurons and found that it
increased robustly in the dendrites and spines of neurons ex-
pressing N-term-Bcr (Figures 5F and 5G). This suggests that
the Tiam1-Bcr interaction is required to limit Rac1 activity. To
determine the effect of Tiam1-Bcr complex disruption on spine
development, we analyzed spine morphology in vector- or N-
term-Bcr-expressing hippocampal neurons. Spine density and
size increased in neurons overexpressing N-term-Bcr (Figures
5H–5J). These results suggest that the interaction between
Tiam1 and Bcr is important for maintaining the balance in their
activities.
EphB Receptors Regulate the Tiam1-Bcr Complex
Eph receptor tyrosine kinases regulate excitatory synapse devel-
opment and plasticity (Klein, 2009). Following stimulation by their
ephrin ligands, EphBs promote the formation and maturation of
spines and synapses, whereas EphAs induce spine retraction
and synapse loss (Klein, 2009). We previously established a crit-
ical role for Tiam1 in EphB-dependent spine formation (Tolias
et al., 2007). To determine whether EphBs control spinemorpho-
genesis by coordinately regulating the opposing functions of
Tiam1 and Bcr, we first asked whether Bcr interacts with EphBs.
Coimmunoprecipitation experiments in 293T cells revealed that
like Tiam1, Bcr preferentially associates with EphB2 over
EphA4 (Figure 6A). However, unlike Tiam1 (Tolias et al., 2007),
the Bcr-EphB2 interaction is kinase-independent (Figure 6B).
Interestingly, the same domains of Bcr (N-term and GAP
domains) and Tiam1 (PH-CC-Ex) that bind to each other (Fig-
ure 5C) interact with EphB2 (Figure 6C) (Tolias et al., 2007), sug-
gesting that these interactions may be competitive. Indeed,
Tiam1 and Bcr compete with EphB2 for Bcr and Tiam1 binding,
respectively (Figures 6D–6G). Furthermore, eprhinB1-induced
EphB activation in neurons reduces Tiam1-Bcr binding at the
time of peak receptor activation (Figures S6A and S6B). These
findings demonstrate that EphB interacts with both Bcr and
Tiam1 and may transiently disrupt the Tiam1-Bcr complex
when activated.
To investigate whether EphBs regulate the GEF and GAP
activities of Tiam1 and Bcr, respectively, we stimulated 21 DIV
hippocampal neurons with preclustered control Fc or ephrinB1-
Fc (Figure 6H). Neurons were lysed and subjected to GEF or
GAP pull-down assays using GST-Rac1-G15A (nucleotide-
free Rac1 that binds to activated GEFs) or GST-Rac1-Q61Lac1 Activity
eGFP and empty vector, Myc-Bcr, or Myc-Bcr-GD and imaged at 21 DIV. (A)
s and filopodia on neurons expressing vector (n = 58 neurons), Bcr (n = 32), or
e (D) of neurons expressing vector, Bcr, or Bcr-GD.
ce were immunoblotted to determine the levels of Abr, Bcr, and b-actin (loading
ression levels, represented as a ratio of Abr or Bcr to b-actin intensity. N = 3.
were immunoblotted for pPak and Pak levels (G), and then pPak levels were
from P28 YFP-expressing WT, Bcr/, Abr/, and Bcr/Abr/ mice.
essing WT, Bcr/, Abr/, and Bcr/Abr/ CA1 pyramidal neurons. n = 75
r/, and Bcr/Abr/ neurons. n = 75 neurons for each genotype.
± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S2 and S3.
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Figure 3. Bcr Restricts Excitatory Synapse Development
(A) Dissociated hippocampal neurons (21 DIV) from control (Bcr+/Abr+/) and Bcr/Abr/mice were stained with antibodies against synaptic markers PSD-95
and VGLUT1 and with phalloidin to visualize F-actin.
(B) Quantification of synapse density. The number of colocalized PSD-95 and VGLUT1 puncta was counted and divided by dendritic area (mm2) to determine
synapse density and represented as relative synapse density. (n = 31 neurons for control, n = 39 for Bcr/Abr/).
(legend continued on next page)
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Figure 4. Bcr Cooperates with Tiam1 to
Regulate Rac1-Dependent Spine Develop-
ment
(A) Dissociated rat hippocampal neurons
expressing eGFP in combination with vector,
Bcr-GD, Tiam1-QK, Tiam1-PH-CC-Ex, Bcr-GD +
Tiam1-QK, or Bcr-GD + Tiam1-PH-CC-Ex were
imaged at 21 DIV.
(B and C) Quantification of the density (B) and
volume (C) of spines on neurons expressing vector
(n = 36 neurons), Bcr-GD (n = 38), Tiam1-QK
(n = 18), Tiam1-PH-CC-Ex (n = 12), Bcr-GD and
Tiam1-QK (n = 23), or Bcr-GD and Tiam1-PH-CC-
Ex (n = 23).
(D–F) Hippocampal slice cultures (17 DIV) pre-
pared from YFP-expressing WT or Bcr/Abr/
mice were treated with the Tiam1 inhibitor
NSC23766 (50 mM) or vehicle for 1 hr. YFP-positive
CA1 pyramidal neurons were then imaged (D) and
analyzed for total spine density (E) or the spine
head area (F). n = 75 neurons per condition.
N R 3 independent experiments for each
experiment shown. Error bars represent ± SEM;
**p < 0.01, ***p < 0.001 for all graphs. See also
Figure S4.
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A Rac1 GEF/GAP Complex Controls Synaptogenesis(constitutively-active Rac1 that binds to activatedGAPs) (Garcı´a-
Mata et al., 2006). EphrinB1 stimulation induced a transient
increase in the amount of Tiam1 precipitating with GST-Rac1-
G15A, peaking at around 10 min and returning to baseline by
60 min (Figures 6H and 6J). In contrast, the level of Bcr precipi-
tating with GST-Rac1-Q61L initially decreased after ephrinB1
stimulation (Figures 6H and 6J). These alterations in Tiam1 and
Bcr function correlate with a transient increase in Rac1 activity
(Figures 6I and 6J), suggesting that EphBs control Rac1 acti-(C) Quantification of relative intensity of PSD95 and VGLUT1 staining of control neurons (n = 352 spines fo
neurons (n = 335 spines for PSD95, n = 480 for VGLUT1).
(D) Quantification of relative F-actin staining intensity on control (n = 710 spines) and Bcr/Abr/ (n = 317
(E and F) Rat hippocampal neurons (21 DIV) expressing eGFP with vector or Myc-Bcr-GD were immunostai
(E) Relative synapse density was determined by counting the colocalized PSD-95 and VGLUT1 puncta pe
(F) Quantification of relative intensity of PSD95 and VGLUT1 staining on neurons expressing vector (n = 86
(n = 138 spines for PSD95, n = 128 for VGLUT1).
(G–I) Quantification of mEPSC amplitude (G) and frequency (H), and representative traces (I) from dissociate
neurons) or Bcr-GD (n = 10). Scale bar represents 200 ms and 20 pA.
NR 3 independent experiments for each experiment shown. Error bars indicate ± SEM; *p < 0.05, **p < 0.0
Developmental Cell 29, 701–7vation by coordinately regulating the
opposing activities of Tiam1 and Bcr.
EphBs may regulate Tiam1 and Bcr func-
tion by modulating their phosphorylation
state, because neuronal EphBs induce
phosphorylation of Tiam1 (Tolias et al.,
2007) and dephosphorylation of Bcr (Fig-
ures S6C–S6E) on sites known to cause
GEF activation (Miyamoto et al., 2006)
and GAP inhibition (Park et al., 2012),
respectively.
To further characterize the role of
Bcr in EphB-mediated Rac1 activation,
we performed Rac1 activation assayson ephrinB1-stimulated rat hippocampal neurons expressing
control vector or Bcr-GD (Figures 6K and 6L). Both control
and Bcr-GD-expressing neurons displayed transient increases
in Rac1 activity on dendrites and spines following ephrinB1
stimulation (Figures 6K and 6L). However, Rac1 activity was
elevated throughout the entire time course of ephrinB1 stimula-
tion in the Bcr-GD-expressing neurons (Figures 6K and 6L),
suggesting that Bcr restricts the level of Rac1 activation in
neurons.r PSD95, n = 495 for VGLUT1) and Bcr/Abr/
) neurons based on phalloidin staining.
ned with antibodies against PSD-95 and VGLUT1.
r area of dendrite. (n = 25 neurons per condition).
spines for PSD95, n = 78 for VGLUT1) or Bcr-GD
d hippocampal neurons expressing vector (n = 10
1, ***p < 0.001 for all graphs. See also Figure S3.
15, June 23, 2014 ª2014 Elsevier Inc. 707
Figure 5. The Tiam1-Bcr Interaction Is
Essential for the Regulation of Rac1 Activity
and Spine Development
(A) Domain structures of full-length and truncation
mutants of Tiam1 and Bcr. PEST, PEST sequence;
PH, pleckstrin homology domain; CC-Ex, coiled-
coil and extended region; RBD, Ras-binding
domain; PDZ, PSD-95/DlgA/ZO-1 domain; DH,
Dbl homology domain; O, oligomerization domain;
STK, serine/threonine kinase domain; C2, cal-
cium-dependent lipid binding domain; GAP,
GTPase-activating protein domain.
(B) Lysates from COS7 cells expressing Flag-
tagged Tiam1 or the Tiam1 PH-CC-Ex domain
were incubated with the following bacterially-ex-
pressed GST-fused Bcr truncation mutants (GEF,
GAP, N-term, and N-termDO) or GST alone im-
mobilized on beads. Precipitated proteins were
analyzed by immunoblotting with anti-Flag anti-
bodies.
(C) GST and the GST-tagged Tiam1 PH-CC-Ex
domain immobilized on GSH beads were incu-
bated with bacterially-expressed Bcr N-term or
GAP domains (purified and cleaved from GST).
Bound proteins were analyzed by immunoblotting
with antibodies against Bcr’s N or C terminus. The
recombinant Bcr domains were also immuno-
blotted directly (input).
(D and E) Lysates from 293T cells expressing
Flag-Tiam1 and Myc-Bcr in the presence or
absence of Myc-N-term-Bcr were immuno-
precipitated with an anti-Tiam1 antibody and
immunoblotted with anti-Myc or anti-Tiam1 anti-
bodies. (D) Representative western blot. (E)
Quantification of the relative amount of Bcr
coimmunoprecipitating with Tiam1. N = 4 inde-
pendent experiments.
(F and G) Rat hippocampal neurons ex-
pressing RaichuEV-Rac1 with vector (n = 38
neurons) or Myc-N-term-Bcr (n = 48) were
imaged live at 17 DIV. Representative images
are shown in the intensity-coded display mode
(F), and represented as relative mean FRET effi-
ciency (G).
(H–J) Rat hippocampal neurons (6 DIV) were
transfected with eGFP in combination with empty
vector (n = 22 neurons) or Myc-N-term-Bcr (n = 14) and imaged at 21 DIV. (H) Representative images. (I and J) Quantification of the effects of N-term-Bcr
overexpression on spine density (I) and spine volume (J).
NR 3 independent experiments for each experiment shown. Error bars represent ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 for all graphs. See also Figure S5.
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Synapse Development
To investigate whether Bcr plays a role in EphB-dependent spine
development,weperformedmorphometric analysis on17DIVor-
ganotypic hippocampal slice cultures from P4 YFP-expressing
WT andBcr/Abr/mice stimulatedwith preclustered Fc (con-
trol), ephrinB1-Fc (to activate EphBs), or ephrinA1-Fc (to activate
EphAs). As expected (Ethell et al., 2001; Henkemeyer et al., 2003;
Murai et al., 2003; Penzes et al., 2003), ephrinB1 stimulation
increased spine density, whereas ephrinA1 decreased spine
density in WT neurons (Figures 7A and 7B). Neurons from Bcr/
Abr/ slice cultures, which express an equivalent level of
EphB (Figure S6F), possessed more spines under control condi-
tions (Figures 7A and 7B). Surprisingly, we detected a dramatic
decrease in spine density inBcr/Abr/ neurons following eph-708 Developmental Cell 29, 701–715, June 23, 2014 ª2014 Elsevier IrinB1 stimulation, comparable to that induced by ephrinA1 (Fig-
ures 7A and 7B). Thus, loss of Bcr/Abr converts EphB-mediated
spine formation into spine retraction. Similar results were seen in
rat hippocampal neurons expressing control vector or Bcr-GD.
Fc-treatedBcr-GD-expressing neurons exhibited a greater spine
density than Fc-treated control neurons (Figures 7C and 7D).
EphrinB1 stimulation induced spinogenesis in control neurons,
whereas it caused a decrease in spine density on Bcr-GD-ex-
pressing neurons (Figures 7C and 7D). This stimulation-induced
spine loss appears to be specific to EphB receptors, because
BDNF stimulation of TrkB receptors caused no detectable
change in spine density in Bcr-GD-expressing neurons (Figures
S7A and S7B). Thus, disrupting Bcr function converts ephrinB-
induced spinogenesis into spine loss, suggesting that Bcr is
critical for EphB-dependent excitatory synapse development.nc.
Developmental Cell
A Rac1 GEF/GAP Complex Controls SynaptogenesisBecause EphBs also regulate AMPA-type glutamate receptor
localization (Henkemeyer et al., 2003; Kayser et al., 2006), we
asked whether Bcr also plays a role in this process. Neurons
expressing vector or Bcr-GD were stimulated with Fc or
eprhinB1-Fc and then subjected to live cell staining at 4C using
an extracellular GluR1 antibody to detect surface AMPA recep-
tors (Figure 7E). Total GluR1 staining was also analyzed in fixed
and permeabilized neurons. Consistent with our spine and elec-
trophysiology results, Bcr-GD-expressing neurons possessed a
greater density of surface AMPA receptor puncta than control
neurons (Figures 7E and 7F). EphrinB1 increased AMPA receptor
surface levels in control neurons, whereas it caused AMPA
receptor internalization in Bcr-GD-expressing neurons (Figures
7E and 7F). Total AMPA receptor levels were not altered (data
not shown). Bcr is therefore important for regulating AMPA re-
ceptor localization, both basally and in response to EphB
activation.
Bcr Regulates EphrinB-Induced Spine Formation by
Restricting Rac-Dependent EphB Internalization
To determine how Bcr influences EphB-dependent excitatory
synapse development, we investigated themechanism by which
ephrinB stimulation induces spine loss in the absence of Bcr
function. Theoretically, the high-affinity intercellular interactions
between Ephs and ephrins should promote cell-cell adhesion,
but they often cause contact-mediated repulsion (Pasquale,
2005). To convert an adhesive interaction into repulsion, Eph-
ephrin complexes must be removed from the cell surface, in
part through bidirectional endocytosis (Egea and Klein, 2007;
Marston et al., 2003; Zimmer et al., 2003). Endocytosis of Eph-
ephrin complexes and subsequent repulsion requires Rac-
dependent actin remodeling (Cowan et al., 2005; Marston
et al., 2003; Yoo et al., 2010, 2011). As Rac1 signaling is elevated
in neurons lacking Bcr function (Figures 2H and 6H), we hypoth-
esized that ephrinB induces axon-dendrite repulsion and spine
retraction in these cells by triggering Rac-dependent EphB
endocytosis. To investigate this possibility, we compared the
effects of ephrinB stimulation on EphB internalization in WT
versus Bcr/Abr/ neurons. Twenty-one DIV-dissociated hip-
pocampal neurons from P0WT or Bcr/Abr/mice were stim-
ulated with preclustered Fc or ephrinB1-Fc and subjected to live
cell staining at 4C to detect surface EphB-ephrinB clusters (Fig-
ure 7G, red puncta in overlay). Following fixation and permeabi-
lization, neurons were stained for the remaining EphB-ephrinB
clusters (Figure 7G). Internalized EphB receptor clusters were
identified by subtracting surface EphB-ephrinB staining from
permeabilized EphB-ephrinB staining (Figure 7G, green puncta
in overlay). This analysis revealed that ephrinB stimulation
dramatically increased EphB internalization in Bcr/Abr/
neurons but not in WT neurons, which display low levels of
EphB internalization (Figure 7H). These results suggest that
Bcr/Abr restrict EphB receptor endocytosis.
To determine whether Rac-mediated EphB endocytosis
converts ephrinB-stimulated spine growth into retraction in
Bcr/Abr/ neurons, we blocked EphB internalization with
the clathrin-mediated endocytosis inhibitor monodansylcada-
verine (MDC) (Heerssen et al., 2004; Shieh et al., 2011) or the
Tiam1 inhibitor NSC23766. Dissociated hippocampal neurons
from WT or Bcr/Abr/ mice were pretreated with vehicleDevel(DMSO), MDC, or NSC23766 and then stimulated with preclus-
tered Fc or ephrinB1-Fc for 30 min. Neurons then underwent
EphB internalized cluster analysis and phalloidin staining for
spine analysis. Pretreatment with MDC or NSC23766 dramati-
cally decreased ephrinB-induced EphB internalization in
Bcr/Abr/ neurons (Figure 7I). Importantly, MDC treatment
also inhibited ephrinB-induced spine retraction in Bcr/Abr/
neurons, whereas it had no effect on ephrinB-induced spino-
genesis in WT neurons (Figure 7J). This result suggests that
EphB endocytosis is required for ephrinB-induced spine retrac-
tion in Bcr/Abr/ neurons, but is not necessary for ephrinB-
induced spinogenesis in WT neurons. In contrast, NSC23766
blocked both ephrinB-induced spine retraction in Bcr/Abr/
neurons and ephrinB-induced spinogenesis in WT neurons (Fig-
ure 7J), suggesting that active Rac1 is required for spine devel-
opment, but can also drive spine retraction in conditions of
hyperactivity. Similar results were observed in rat hippocampal
neurons lacking Bcr function. EphrinB1-induced spine loss in
Bcr-GD-expressing neurons was blocked by pretreatment
with dynasore (Figures S7C and S7D), a small molecule inhibitor
of dynamin-dependent endocytosis (Kirchhausen et al., 2008).
Together, these results confirm that EphB activation induces
spine loss in neurons lacking Bcr function due to Rac-depen-
dent EphB internalization. Bcr may therefore normally serve to
restrict active Rac1 levels to within an optimal range that pro-
motes appropriate excitatory synapse formation and growth
while preventing receptor internalization and excessive spine
remodeling.
DISCUSSION
Here, we demonstrate that a complex composed of a Rac-GEF
(Tiam1) and a Rac-GAP (Bcr) coordinately regulates spine and
synapse development. We base this conclusion on our findings
that (1) Bcr interacts with Tiam1 at synapses, (2) enhancing Bcr
function through overexpression reduces spine size and den-
sity, (3) inhibiting Bcr function through genetic deletion or domi-
nant-negative mutants increases the size and density of spines
and the size, density and strength of excitatory synapses, (4) in-
hibition of Tiam1 function rescues the synaptic defects induced
by reduced Bcr function, and (5) disruption of the Tiam1-Bcr
interaction causes excessive Rac1 activity and spine develop-
ment. Notably, EphBs utilize the Tiam1-Bcr complex to control
spine morphogenesis. Activated EphBs interact with Tiam1 and
Bcr and regulate their respective GEF and GAP activities.
Tiam1 subsequently mediates EphB-induced Rac1 activation
and spine formation (Tolias et al., 2007), whereas Bcr restricts
Rac1 activation, preventing EphB and AMPA receptor inter-
nalization and spine loss. These data provide strong evidence
that a GEF/GAP complex dynamically regulates synaptic
Rac1 signaling.
Bcr/ mice exhibit impairments in LTP maintenance and
spatial and object recognition memory (Oh et al., 2010). How-
ever, only a slight increase in spine density was observed in
these mice, and no change in spine size or excitatory synaptic
transmission was detected (Oh et al., 2010). Bcr/ mice may
lack significant synaptic defects due to compensation by Abr
(Cho et al., 2007; Kaartinen et al., 2001), which is upregulated
and more enriched in the PSD in the brains of mice lackingopmental Cell 29, 701–715, June 23, 2014 ª2014 Elsevier Inc. 709
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A Rac1 GEF/GAP Complex Controls SynaptogenesisBcr. To fully understand Bcr’s role in excitatory synapse devel-
opment, it is necessary to examine the effects of loss of Bcr in
the presence or absence of Abr. Indeed, we found striking
increases in the size and density of spines and synapses in
Bcr/Abr/ and Bcr/Abr+/mice compared to control litter-
mates. We also found that spines in Bcr-deficient mice undergo
more rapid remodeling than those in control mice, which is likely
mediated by excessive Rac1-dependent actin cytoskeletal reor-
ganization. This increased spine remodeling could further
explain why Bcr/ mice exhibit a defect in LTP maintenance.
Although Bcr and Abr share some overlapping functions at
synapses, we do not believe they play identical roles. For
instance, we found that CA1 hippocampal neurons from Bcr/
mice display a small increase in spine size, whereas neurons
from Abr/ mice exhibit a small decrease. Furthermore, over-
expression of Bcr induces substantial spine loss, whereas Abr
promotes the formation of immature spines. Bcr is also more en-
riched at synapses than Abr and it preferentially interacts with
Tiam1. Interestingly, in adult brain we found that Abr preferen-
tially interacts with Kalirin-7 (Figure S2D), another Rac-GEF
essential for synapse development and plasticity (Penzes and
Jones, 2008). Abr and Kalirin-7 may therefore form a unique
GEF/GAP complex, which, based on their expression profiles
(Oh et al., 2010; Penzes et al., 2008), could regulate Rac-depen-
dent processes later in development. This finding argues that
GEF/GAP complex formation is a general phenomenon extend-
ing beyond Tiam1 and Bcr.
A GEF/GAP interaction might seem counterproductive
because they oppose one another functionally. However, it is
clear that proper on-off cycling of Rac1 is important because
constitutively-active and dominant-negative Rac1 mutants
both perturb Rac-driven processes such as cell migration and
spine development (Luo et al., 1996; Nakayama et al., 2000;
Spiering and Hodgson, 2011). Formation of a Rac-specific
GEF/GAP complex may provide an efficient mechanism forFigure 6. EphB Receptors Bind to Bcr and Regulate the Tiam1-Bcr Co
(A) 293T cell lysates expressing Myc-Bcr alone or with Flag-tagged EphB2 o
immunoblotted with anti-Bcr and anti-Flag antibodies. Lysates were also immun
(B) 293T cell lysates expressing Myc-Bcr alone or with Flag-tagged EphB2 or Eph
immunoblotted with anti-Bcr or anti-Flag antibodies. The black line indicates rem
(C) Flag-EphB2 was expressed in 293T cells alone or with Myc-tagged full-lengt
EphB2 was immunoprecipitated with anti-Flag antibodies, and Bcr constructs
expression, N-term Bcr interacted robustly with EphB2. Full-length Bcr and GAP
(D and E) Lysates from 293T cells expressing Flag-EphB2 and Bcr in the presence
then immunoblotted with anti-Bcr and anti-Flag antibodies to assess EphB2-Bc
immunoblotted for Bcr and Flag the other immunoblotted for Tiam1. (E) Quantificat
independent experiments.
(F and G) Lysates from 293T cells expressing Flag-EphB2 and Tiam1 in the prese
then immunoblotted with anti-Tiam1 antibodies to assess EphB2-Tiam1 binding
Tiam1 coimmunoprecipitated with Flag-EphB2. N = 4 independent experiments.
(H–J) Rat hippocampal neurons (21 DIV) were stimulated with preclustered Fc or e
subjected to pull-down assays with GST (control), GST-Rac1-G15A (GEF assay)
anti-Bcr antibodies. (I) Lysates were subjected to pull-down assays with GST-PB
(J) Kinetics of Tiam1, Bcr, and Rac1 activation in ephrinB1-stimulated rat hippoc
three independent experiments and are represented as a ratio of Rac1-G15A-bo
intensity, respectively.
(K and L) Rat hippocampal neurons expressing RaichuEV-Rac1 and empty vect
clustered eB1 for the indicated times and then imaged live at 17 DIV. Representat
as relative mean FRET efficiency (L).
For all experiments shown, NR 3 independent repeats. Error bars represent ± S
Develdynamically regulating Rac1 activity, as predicted (Goryachev
and Pokhilko, 2006). A GEF/GAP complex could also help
spatially and temporally regulate Rac1 activity. Indeed, we
recently found that Bcr interacts with the Tiam1-associated
Par complex and controls polarized cell migration by locally re-
stricting Rac1 and PKCz activity at the leading edge (Narayanan
et al., 2013).
The finding that EphB receptors interact with Tiam1 and Bcr
and regulate their activities and association suggests that EphBs
control Rac1 signaling by modulating the Tiam1-Bcr complex.
Under basal conditions, Tiam1 and Bcr form a strong complex
in neurons thatmay be associatedwith EphBs via Bcr. EphB acti-
vation triggers the phosphorylation of Tiam1 (Tolias et al., 2007)
and the dephosphorylation of Bcr. Phosphorylation of Tiam1 en-
hances its recruitment to EphB complexes and its Rac-GEF ac-
tivity (Tolias et al., 2005, 2007; Miyamoto et al., 2006), whereas
dephosphorylation of Bcr may reduce its binding to Tiam1 and
its Rac-GAP activity (Park et al., 2012). This coordinated regula-
tion of Tiam1 and Bcr likely contributes to the transient increase
in Rac1 activation required for EphB-dependent spine growth.
Further investigation is required to determine the precise mech-
anism by which EphBs regulate the Tiam1-Bcr complex. In the
absence of Bcr function, Rac1 activity is basally high, resulting
in a greater number of large spines. Under these conditions, eph-
rinB induces excessive Rac1 activation, EphB and AMPA recep-
tor internalization, and spine retraction. Because inhibition of
either Rac1 activation or endocytosis blocks ephrinB-induced
spine loss, we conclude that Rac-dependent EphB internaliza-
tion is responsible for converting excitatory synapse develop-
ment into synapse elimination. Eph internalization is known to
convert adhesive interactions between Ephs and ephrins into
repulsion during axon guidance and cell sorting (Pitulescu and
Adams, 2010). By binding to EphBs and restricting local Rac1
activity, Bcr may stabilize EphBs on the cell surface at synapses,
enabling activated EphBs to promote synaptogenesis andAMPAmplex
r EphA4 were immunoprecipitated (IP) with anti-Flag antibodies, and then
oblotted directly to confirm protein expression.
B2-K.D. (kinase-dead) were immunoprecipitated with anti-Flag antibodies and
oval of a nonessential lane between lanes 3 and 4.
h Bcr or the following Bcr truncation mutants: GAP, GEF, N-term, or DN-term.
were detected with anti-Myc antibodies. Despite causing reduced EphB2
also bound EphB2 (indicated by arrows).
or absence of Tiam1 were immunoprecipitated with anti-Flag antibodies, and
r binding. (D) Representative blot. Lysates were run on two different gels, one
ion of the relative amount of Bcr coimmunoprecipitatingwith Flag-EphB2. N = 3
nce or absence of Bcr were immunoprecipitated with anti-Flag antibodies, and
. (F) Representative western blot. (G) Quantification of the relative amount of
phrinB1-Fc (eB1) for the indicated times. (H) Lysates from these neurons were
, or GST-Rac1-Q61A (GAP assay), and then immunoblotted with anti-Tiam1 or
D (Rac-GTP assay) and blotted with anti-Rac antibodies.
ampal neurons. The levels of active Tiam1, Bcr, and Rac were quantified from
und Tiam1, Rac1-Q61L-bound Bcr or Rac-GTP over total Tiam1, Bcr or Rac
or (n = 12–28 neurons) or Myc-Bcr-GD (n = 12–20) were stimulated with pre-
ive images are shown in the intensity-coded display mode (K) and represented
EM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S6.
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A Rac1 GEF/GAP Complex Controls Synaptogenesisreceptor surface expression rather than axon-dendrite repulsion
and synapse loss. It will be interesting to determine whether
other Tiam1-interacting receptors including NMDA receptors,
TrkB receptors, and the adhesion-GPCR BAI1 coordinately
regulate the Tiam1-Bcr complex (Duman et al., 2013; Lai et al.,
2012; Tolias et al., 2005, 2007).
Altered Rac1 signaling is associated with a variety of brain
disorders, suggesting that proper Rac1 signaling is required
for normal cognitive function (Newey et al., 2005; Ramakers,
2002). However, despite its importance, little is known about
how Rac1 signaling is dynamically regulated at synapses.
In this study, we characterized a complex composed of two
opposing Rac1 regulatory proteins, Bcr and Tiam1, and demon-
strated that they play essential roles in controlling excitatory
synapse development by providing precise regulation of Rac1
activity. Further study elucidating the roles of this and other
Rac1 regulatory complexes in synapse development and func-
tion should enhance our understanding of normal brain develop-
ment and provide insight into how disruptions in Rac1 signaling
give rise to cognitive disorders.
EXPERIMENTAL PROCEDURES
DNA Constructs, Antibodies, and Drugs
Details can be found in the Supplemental Information.
Mice, Cell Culture, and Transfections
Bcr/ and Thy1-YFP (line H) mice were obtained from the Jackson Laboratory
and Abr/ mice were generously provided by Dr. Nora Heisterkamp
(Children’s Hospital Los Angeles, USC). For cell culture and transfection
conditions, see the Supplemental Information.
All animal experiments were carried out in strict accordance with the recom-
mendations provided by the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health and were approved by the Baylor College of
Medicine Institutional Animal Care and Use Committee. All efforts were made
to minimize animal suffering.
Immunoprecipitations, GST Pull-Down Assay, and Western Blot
Analysis
For details, see the Supplemental Information.Figure 7. Bcr Restricts Rac-Dependent EphB Internalization, Preven
Retraction
(A and B) Hippocampal slice cultures (17 DIV) from YFP-expressing WT or Bcr
ephrinA1-Fc (eA1) for 1 hr. Following fixation, YFP-positive CA1 pyramidal ne
per condition.
(C and D) Dissociated rat hippocampal neurons (21 DIV) expressing eGFP and vec
then imaged and analyzed for spine density. (C) Representative images. (D) Quan
and n = 45 for eB1) or Myc-Bcr-GD (n = 38 for Fc and n = 30 for eB1).
(D) Quantification of the spine density on Fc- or eB1-stimulated neurons expressin
and n = 30 for eB1).
(E and F) Surface GluR1 staining of Fc- or eB1-stimulated 21 DIV rat hippocam
(F) Quantification of normalized surface GluR1 puncta density.
(G) Representative images of 21 DIV hippocampal neurons from WT and Bcr/
stained for surface EphB-eB1 clusters. After surface labeling, neurons were fixed
clusters were identified as EphB clusters present in staining with permeabilization
shown in red and yellow and internalized EphB clusters are in green.
(H) Quantification of Fc or eB1-induced EphB internalization in WT and Bcr/A
EphB clusters over total EphB clusters and represented as a percentage of Eph
(I and J) Quantification of the effects of MDC or NSC23766 treatment on ephrinB-i
Twenty-one DIV hippocampal neurons (n = 20–25) from WT and Bcr/Abr/
stimulated with preclustered Fc or eB1 for 30min. Neurons were subjected to surf
phalloidin staining for spine analysis (J).
All experiments were performedR3 independent times. Error bars represent ± S
DevelPreparation of Aggregated Ephrin-Fc Fusion Proteins
EphrinB1-Fc (eB1), ephrinA1-Fc (eA1) (R&DSystems), and control Fc (Jackson
ImmunoResearch) were preclustered with 100 mg/ml goat a-human IgG Fcg
antibody (Jackson ImmunoResearch) at 50 mg/ml at 25C for 1 hr and then
used at final concentration of 2.5 mg/ml.
Immunocytochemistry
For details, see the Supplemental Information.
FRET Assay
Rat hippocampal neurons were cultured in phenol red-free Neurobasal medium
(Invitrogen) supplemented with B27 (GIBCO BRL), 2 mM glutamine and peni-
cillin/streptomycin (100 U/ml and 100 mg/ml, respectively) and transfected on 7
DIV with the RaichuEV-Rac1 probe (Komatsu et al., 2011) alone or with Tiam1
and/or Bcr reagents. At 17 DIV, neurons expressing moderate levels of the
RaichuEV-Rac1probewere imagedwithorwithout eB1stimulationusingaLeica
TCS SP2 scanning confocal microscope with a 633 oil immersion objective
(23 digital zoom) at 1,0243 1,024 pixel resolution. Images were obtained with
the following settings: FRET, Ex 458 nm/Em 530–600 nm; CFP, Ex 458 nm/Em
470–500 nm; and YFP, Ex 514 nm/Em 530–600 nm. After acquisition, pixel-by-
pixel FRET was calculated and images were created using the ImageJ plug-in
PixFRET (Feige et al., 2005) and represented in an intensity-coded display
mode. All FRET experiments were conducted at least three independent times.
Receptor Endocytosis Assays
To analyze EphB internalization, 21 DIV mouse hippocampal neurons were
incubated with preclustered Fc or eB1 for 30 min at 37C. Before live staining,
surface receptors were labeled with unclustered eB1 for 10 min at 37C. Cells
were washed three times with PBS and EphB-eB1 complexes were live-
labeled with a Cy3-goat a-human Fc antibody for 30 min at 4C. After washing
three times with PBS, cells were fixed with 4% PFA/4% sucrose for 10 min at
25C and then blocked/permeabilized with 5% BSA, 15% goat serum, and
0.3% Triton X-100 in PBS for 30 min. The remaining EphB-eB1 complexes
were stained with a Cy5-goat a-human Fc antibody at 25C for 30 min (Cowan
et al., 2005; Deininger et al., 2008). Confocal images were then acquired
using fixed parameters, and custom ImageJ macros were used to quantify
EphB-eB1 staining intensity. Internalized EphB receptors were determined
by subtracting surface staining from permeabilized EphB complex staining
using Image Calculator on ImageJ, and total EphB staining was determined
as the sum of surface and internalized EphB complexes. The data were plotted
as the ratio of internalized over total EphB complexes.
For surface AMPA receptor labeling, live cultured neurons were incubated
with anti-GluR1 antibody (N-term, Millipore) for 30 min at 4C and washedting the Conversion of EphrinB-Induced Spine Growth into Spine
/Abr/ mice were stimulated with preclustered Fc, ephrinB1-Fc (eB1), or
urons were imaged (A) and analyzed for spine density (B). n = 75 neurons
tor or Myc-Bcr-GD were stimulated with preclustered Fc or eB1 for 30 min and
tification of spine density on neurons expressing vector (n = 44 for Fc-treated
g vector (n = 44 neurons for Fc and n = 45 for eB1) or Myc-Bcr-GD (n = 38 for Fc
pal neurons expressing vector or Myc-Bcr-GD. (E) Representative images.
Abr/ mice that were stimulated with Fc or eB1 for 30 min, and then live-cell
, permeabilized, and stained for the remaining EphB-eB1 clusters. Internalized
but absent in surface staining. In the overlay panel, surface EphB clusters are
br/ neurons. EphB internalization was calculated as the ratio of internalized
B internalization in WT neurons.
nduced EphB internalization (I) or ephrinB-induced changes in spine density (J).
mice were pretreated with vehicle (DMSO), MDC, or NSC23766, and then
ace and permeabilized EphB-eB1 staining for EphB internalization analysis (I) or
EM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S4 and S7.
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rons were then stained with an anti-mouse Cy3 secondary antibody. For total
AMPA receptor staining, neurons were fixed with 100% methanol at 20C
for 10 min and blocked/permeabilized with 5% BSA, 15% goat serum, and
0.3% Triton X-100 in PBS for 1 hr at 25C. Anti-GluR1 (C-term, Millipore)
antibodies were incubated at 4C overnight and then anti-rabbit Cy3 second-
ary antibodies were applied for 1 hr at 25C. For analysis, images were
acquired using fixed parameters, and surface and total GluR1 puncta den-
sities on Myc-expressing neurons were quantified using custom macros
from ImageJ.
Imaging and Analysis
Neurons from dissociated hippocampal cultures, organotypic slice cultures,
and floating brain sections were imaged using the confocal system described
above. Z series of six to ten images taken at 0.4 mm intervals (cultured neu-
rons) or 16–18 images taken at 0.12 mm intervals (slice cultures and floating
sections) were generated for each dendritic section. For each experiment,
eight to ten neurons/condition were imaged and analyzed blinded and this
was repeated at least three independent times. Imaris (Bitplane Scientific
Software) was used to analyze 3D spine images. Approximately 100 mm of
dendrite was chosen per neuron, and the number of spines (visualized by
eGFP for cultured rat neurons and phalloidin for cultured mouse neurons)
was counted and the length and volume of dendritic protrusions were
measured using Imaris. Dendritic protrusions were classified as filopodia if
their lengths exceeded 2 mm and they lacked spine heads. For spine analysis
of YFP-labeled neurons from organotypic cultures or brain sections, third and
fourth order apical dendrites were imaged. Spines were scored only if they
exhibited a neck and a mushroom- or thin-shaped head (predominant protru-
sions observed in P28 mouse brain sections and 11 DIV slice cultures).
Spines were quantified from confocal images of dendritic segments traced
with the Neurolucida/NeuroExplorer software (MBF Bioscience). To assess
synaptic and F-actin staining, neurons were imaged using the same exposure
parameters for the different genotypes, and the images were analyzed using
ImageJ software (NIH). For synaptic density analysis, overlapping PSD-95
and VGLUT1 puncta masked by phalloidin staining were quantified and
divided by dendritic area. Mean pixel intensities of phalloidin, PSD-95, and
VGLUT1 staining on spines were also measured and adjusted for local
background.
Electrophysiology
Electrophysiology was performed using standard methods (see Supplemental
Information).
Statistical Analysis
Data were expressed as means ± SE and statistically analyzed using
KaleidaGraph (Synergy Software). Statistical significance was determined
using Student’s t test for comparison between two independent groups and
ANOVA with Tukey’s post hoc test for multiple group comparisons unless
otherwise stated. P < 0.05 was considered statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2014.05.011.
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